Imbrici P, D'Adamo MC, Grottesi A, Biscarini A, Pessia M. Episodic ataxia type 1 mutations affect fast inactivation of K ϩ channels by a reduction in either subunit surface expression or affinity for inactivation domain. Am J Physiol Cell Physiol 300: C1314 -C1322, 2011. First published February 9, 2011 doi:10.1152/ajpcell.00456.2010.-Episodic ataxia type 1 (EA1) is an autosomal dominant disorder characterized by continuous myokymia and episodic attacks of ataxia. Mutations in the gene KCNA1 that encodes the voltage-gated potassium channel Kv1.1 are responsible for EA1. In several brain areas, Kv1.1 coassembles with Kv1.4, which confers N-type inactivating properties to heteromeric channels. It is therefore likely that the rate of inactivation will be determined by the number of Kv1.4 inactivation particles, as set by the precise subunit stoichiometry. We propose that EA1 mutations affect the rate of N-type inactivation either by reduced subunit surface expression, giving rise to a reduced number of Kv1.1 subunits in heterotetramer Kv1.1-Kv1.4 channels, or by reduced affinity for the Kv1.4 inactivation domain. To test this hypothesis, quantified amounts of mRNA for Kv1.4 or Kv1.1 containing selected EA1 mutations either in the inner vestibule of Kv1.1 on S6 or in the transmembrane regions were injected into Xenopus laevis oocytes and the relative rates of inactivation and stoichiometry were determined. The S6 mutations, V404I and V408A, which had normal surface expression, reduced the rate of inactivation by a decreased affinity for the inactivation domain while the mutations I177N in S1 and E325D in S5, which had reduced subunit surface expression, increased the rate of N-type inactivation due to a stoichiometric increase in the number of Kv1.4 subunits. N-type inactivation; Shaker K ϩ channel gating; Xenopus laevis oocytes EPISODIC ATAXIA TYPE 1 (EA1) is an autosomal dominant disorder characterized by continuous myokymia, attacks of ataxia, and uncontrolled movements (31, 32). Attacks of ataxic gait may be brought on by different stimuli, including emotional stress, mild exercise, and vestibulogenic stimulation. Since the clear description of EA1 by Van Dyke and coworkers (35) in the mid-1970s, several families affected by EA1 have been identified, widening the phenotypic spectrum of the disorder considerably. Genetic analysis of these families revealed several heterozygous point mutations in the entire coding sequence of the human voltage-gated potassium channel gene KCNA1 (hKv1.1). Owing to a noticeable interfamilial and intrafamilial phenotypic variability, genotypeϪphenotype correlation has been extremely difficult to establish reliably (22). Differences in severity and frequency of EA1 attacks have been reported even in identical twins (13).
N-type inactivation; Shaker K ϩ channel gating; Xenopus laevis oocytes EPISODIC ATAXIA TYPE 1 (EA1) is an autosomal dominant disorder characterized by continuous myokymia, attacks of ataxia, and uncontrolled movements (31, 32) . Attacks of ataxic gait may be brought on by different stimuli, including emotional stress, mild exercise, and vestibulogenic stimulation. Since the clear description of EA1 by Van Dyke and coworkers (35) in the mid-1970s, several families affected by EA1 have been identified, widening the phenotypic spectrum of the disorder considerably. Genetic analysis of these families revealed several heterozygous point mutations in the entire coding sequence of the human voltage-gated potassium channel gene KCNA1 (hKv1.1). Owing to a noticeable interfamilial and intrafamilial phenotypic variability, genotypeϪphenotype correlation has been extremely difficult to establish reliably (22) . Differences in severity and frequency of EA1 attacks have been reported even in identical twins (13) .
In several brain areas, Kv1.1 coassembles with Kv1.4 subunits, which confers N-type inactivating properties to heteromeric channels, by providing NH 2 -terminal inactivation domains (IDs). It is noteworthy that the inactivation of Kv1.4-Kv1.1/Kv␤1.1 channels regulates the activity-dependent spike broadening of hippocampal mossy fiber boutons and, likely, the amount of glutamate released during high-frequency stimuli (11) . In previous reports it has been shown that EA1 mutations slow down N-type inactivation of both homomeric and heteromeric Kv1 channels of fixed stoichiometry (17, 29) . These impairments were postulated to affect temporal integration of action potential firing rates and contribute to cause learning deficits and epileptic seizures in affected individuals (17, 29) .
N-type inactivation of the Shaker K ϩ channel requires only one of four NH 2 -terminal IDs, and the rate of inactivation of channels containing four IDs is 3.5 times the rate of inactivation of channels containing one ID (27) . Therefore, in heterotetramer Kv1.1-Kv1.4 channels the rate of inactivation will be determined by the number of IDs provided by Kv1.4, as set by the precise subunit stoichiometry. EA1 mutations alter subunit surface expression heterogeneously. Indeed, depending on the mutation, peak K ϩ current amplitude for homomeric channels varies from virtually undetectable changes to remarkable reductions. Here, we hypothesized that EA1 mutations affect the rate of N-type inactivation either by reduced subunit surface expression, giving rise to a reduced number of Kv1.1 subunits in heterotetramer Kv1.1-Kv1.4 channels, or by reduced affinity for the ID provided by Kv1. 4 . By determining the rates of inactivation and relative stoichiometry of each channel type, we show here that the V404I and V408A mutations, which had normal surface expression, reduced the rate of inactivation by a decreased affinity for the inactivation domain, while the mutations I177N and E325D, which had reduced subunit surface expression, accelerated the rate of N-type inactivation by a stoichiometric increase in the number of Kv1.4 subunits.
METHODS
Molecular biology. The EA1 mutations were introduced into the human Kv1.1 cDNA by using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer's instructions. The nucleotide sequences of all mutant channels were determined by automated sequencing. All channel subunits were subcloned into the oocyte expression vector pBF, which provides 5=-and 3=-untranslated regions from the Xenopus ␤-globin gene flanking a polylinker containing multiple restriction sites. Capped mRNAs were synthesized in vitro by using the SP6 mMESSAGE mMACHINE kit (Ambion). To study the activity of channels composed of two hKv1.1 and two hKv1.4 subunits, the relevant cDNAs were linked as dimers (17) . To concatenate as dimers the hKv1.4 wild type (WT) with the episodic ataxia hKv1.1 subunits, the stop codon of the first subunit was removed and a linker encoding 10 glutamine residues was inserted between the last codon of the 5=-subunit coding sequence and the initiator codon of the following subunit. This was achieved by using a sequential polymerase chain reaction protocol. Briefly, junctions were generated by overlap extension of the PCR primers which also encoded the glutamine linker. The dimers were constructed in pGEMA, a modified version of pGEM9zf-(Promega) with a stretch of 40 A-T base pairs inserted just upstream of the Tth111I site. The nucleotide sequences of all linked subunits were determined throughout the joined segments by automated sequencing. Oligonucleotides were obtained from Eurobio (Milan, Italy).
Oocyte preparation and RNA injection. Procedures involving Xenopus laevis and their care were in accordance with the regulations of the Italian Animal Welfare Act and were approved by the local Authority Veterinary Service; procedures were also in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). The minimal number of animals was used. Frogs underwent no more than two surgeries, separated by at least 3 wk. Frogs were anesthetized with an aerated solution of 3-aminobenzoic acid ethyl ester. Stage V-VI oocytes were isolated and stored at 16°C in fresh ND96 medium (NaCl 96 mmol/l, KCl 2 mmol/l, MgCl 2 1 mmol/l, CaCl2 1.8 mmol/l, HEPES 5 mmol/l, gentamicin 50 g/ml).
hKv␣1.4 and Kv␣1.1, both WT and mutant, mRNAs (50 nl) were injected into the oocytes (Nanoject, Drummond, Broomall, PA) in 1:1 ratio. The reagents were supplied by Sigma (Italy).
Electrophysiology. Electrophysiological recordings and data analysis were performed as previously described (7, 18) . Briefly, twoelectrode voltage-clamp recordings were performed on Xenopus oocytes at ϳ22°C, 1-8 days after injection. A GeneClamp 500 amplifier (Axon Instruments) interfaced to a PC computer with an ITC-16 interface (Instrutech) was used. Microelectrodes were filled with 3 M KCl and had resistances of 0.1-0.5 M⍀. The recording solution contained (in mM) 96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, and 5 HEPES, pH 7.4. Currents were evoked by voltage commands from a holding potential of Ϫ80 mV, as described in the figures legends. The recordings were filtered at 2 kHz and acquired at 5 kHz with Pulse software (HEKA Elektronik, Germany). Data analysis was performed using IGOR (Wavemetrics), PulseFit (HEKA Elektronik), and KaleidaGraph (Synergy Software). Leak and capacitative currents were subtracted using a P/4 protocol. To determine the statistical significance, an unpaired Student's test was used. P Ͻ 0.05 was considered significant.
Homology modeling. The rat Kv1.2/2.1 chimeric channel was used as a starting configuration for point mutation localization and modeling. The initial coordinates were taken from the PDB databank (entry code 2R9R) (26) . To locate the position of the mutated residue in the Kv1.1 channel structure, sequence alignments were performed with ClustalW using the following channel homologs: KcsA (UniProtKB accession no. P0A334), Shaker (P08510), and Kv1.2/2.1 Chimera (P62483). Final sequence alignment was further refined using Muscle 2.6 (9). EA1 mutations were performed in silico by substituting the corresponding residue with the desired side-chain. To minimize possible steric hindrances resulting from newly replaced side-chains, the modeled final structure was optimized by means of computational procedures described previously (14) . Briefly, by using the algorithm "steepest descent," a restrained energy minimization run was performed for all non side-chains atoms and consisted of 1,000 steps (each step-size was 0.01 nm and the final force tolerance was 10.0 kJ·mol Ϫ1 ·nm Ϫ1 ). Hence, a 2 ps restrained molecular dynamics simulation in vacuo at 300 K was carried out. The time-step was 2 fs, the force field used was Gromos96 (ffG53a6), and the simulation was performed using GROMACS (www.gromacs.org). VMD software was used to generate the figures (15) .
RESULTS
We selected EA1 mutations that displayed well-documented normal (V404I, V408A) and low (I177N, E325D) surface expression (1, 5-7, 10, 16, 18, 33, 37) . Quantified amounts of mRNAs for Kv1.4 and Kv1.1 WT or mutated subunits were injected into Xenopus laevis oocytes to determine the relative current amplitudes, rates and amount of inactivation, and stoichiometry.
Effects of EA1 mutations on current amplitudes and N-type inactivation rates of heterotetramer Kv1.1-Kv1.4 channels. Consistent with previous reports, heterologous expression of mRNAs (dimer) are also displayed (striped bars). Currents were evoked by 1,000-ms depolarizing command at ϩ60 mV from a holding potential of Ϫ80 mV, and peak current amplitude was calculated. Note that the coinjection of Kv1.1WT and Kv1.4WT mRNAs (1:1 ratio) resulted in peak currents whose mean amplitude was approximately the sum of those obtained expressing them separately. The amounts of these mRNAs and of those for either the EA1 mutations or the tandemly linked Kv1.4WT-Kv1.1WT and Kv1.4WT-Kv1.1EA1 subunits were similar (see METHODS). Also note that I177N and E325D mutations reduce both homomeric and heteromeric channel surface expression, remarkably, whereas V404I, V408A, and the dimers harboring the mutations showed current levels not statistically different from the control WT. Data are means Ϯ SE of 6 -44 cells. Statistically significant differences were assessed by comparing each data set with the relevant control and by using unpaired Student's test. **P Ͻ 0.01.
I177N and E325D channels resulted in current amplitudes that were ϳ10% relative to that of WT ( Fig. 1 ), whereas current amplitudes recorded from cells expressing WT, V404I, and V408A channels were not statistically different ( Fig. 1 ). Coinjection of equal amounts of Kv1.4 and I177N or E325D mRNAs (1:1 ratio) yielded average current amplitudes that were ϳ1.7-fold and ϳ2-fold smaller than the control WT, respectively ( Fig. 1 ). This could be due in part to reduced expression of I177N and E325D or haploinsufficiency (37) . On the other hand, coinjection of equal amounts of Kv1.4 and V404I or V408A mRNAs (1:1 ratio) yielded average current amplitudes that were similar to the control WT. Moreover, coexpression of Kv1.4 and Kv1.1WT resulted in mean current amplitude similar to Kv1.4-Kv1.1WT dimer (Fig. 1) . Surprisingly, the expression of concatenated Kv1.4 -1.1EA1 mRNAs also yielded mean current amplitudes that were not statistically different from Kv1.4 -1.1WT (Fig. 1) . The latter results are consistent with minor changes in V404I or V408A surface expression, but inconsistent with the marked reduction in E325D and I177N current amplitude. Therefore, these data suggest that subunit concatenation may rescue defects in mutant protein trafficking or assembly, at least in part promoting an overall stoichiometry of 2 ϩ 2 subunits of each type. Kv1.4 subunits endow rapid inactivation properties to noninactivating Kv1.1 channels by providing NH 2 -terminal IDs [cf. Fig. 1 of Imbrici et al. (17)]. Figure 2 shows representative and normalized whole cell currents recorded at ϩ60 mV from oocytes coexpressing Kv1.4WT and Kv1.1EA1 (1:1 ratio) and overlain on WT control traces for direct comparison ( Fig.  2A 1-4 ) . Clearly, these traces show that WT currents undergo rapid inactivation that is either accelerated by I177N and E325D mutations ( Fig. 2A 1-2 ) or slowed by V404I and V408A mutations ( Fig. 2A 3-4 ) . To quantify these effects, the decaying phase of the currents (same as those recorded, averaged and shown in Fig. 1 ) was fitted with a single exponential function. The bar graph in Fig. 2 shows that I177N and E325D mutations reduced the inactivation time constant, , ϳ2-fold and ϳ1.3-fold, respectively, whereas both V404I and V408A mutations increased the inactivation time constant ϳ1.2-fold (Fig. 2B) . Box plots of revealed minimal differences between the coexpression of Kv1.4 ϩ Kv1.1WT and the WT dimer (Fig.  2C 1 ) , and confirmed that Kv1.4 ϩ Kv1.1EA1 subunits coexpression (1:1 ratio) resulted in inactivation rates that were speeded up by I177N and E325D and slowed down by V404I and V408A (Fig. 2C 2 ) . The dimeric channels harboring EA1 mutations had inactivation rates always slower than the WT (Fig. 2C 3 ) , in accordance with previous findings (17) .
To further characterize the effects of EA1 mutations on N-type inactivation, we quantified the amount of inactivation for each channel type as the ratio of final to peak current amplitude. When the EA1 subunits were coexpressed in a 1:1 ratio with Kv1.4, the amount of inactivation was increased by I177N and E325D mutations, while it was decreased by V404I and V408A (Fig. 3) . By contrast, all dimeric constructs harboring the EA1 mutations showed a reduced amount of inactivation compared with control [ Fig. 3 ; (17)].
Nerve cells display variable action potential frequencies. During action potential trains (10 -100 Hz), the cumulative inactivation of channels, likely composed of Kv1.1 and Kv1.4 subunits, leads to activity-dependent action potential prolongation at mossy fiber boutons, which may result in increased glutamate release onto hippocampal CA3 neurons (11) . Depolarizing pulses of high frequency, which mimic high firing frequency, increase the amplitude and extent of inactivation induced by Kv1.4 (cumulative inactivation), as they enhance the recruitment of channels to inactivated state (17) . We expected that EA1 mutations affect Fig. 2 . The N-type inactivation rates of Kv1.1-Kv1.4 channels is speeded up by I177N and E325D mutations and slowed down by V404I and V408A. A1-A4: representative current traces recorded from oocytes expressing the indicated mRNAs coinjected at 1:1 ratio (gray traces: WT; black traces: EA1). Currents were evoked as detailed in Fig. 1 , and peak current amplitudes were normalized to 1. B: bar graph showing the time constant, , of N-type inactivation for the indicated channels, determined by fitting a single exponential function to decaying currents recorded at ϩ60 mV. The striped bars refer to dimeric channels. C1-C3: box plots of the distribution of the inactivation time constants for the indicated coexpressed subunits and for the dimeric constructs. Note that both analyses showed that I177N and E325D mutations accelerated the inactivation rates, remarkably, whereas V404I, V408A, and the mutated dimers had slower inactivation. Data are means Ϯ SE of 6 -44 cells. The statistically significant differences were determined by comparing each data set with the relevant control and by using unpaired Student's test. *P Ͻ 0.05; **P Ͻ 0.01. stimulation-dependent recruitment of Kv1.4-induced inactivation, consistent with the above-stated trends. In detail, currents were evoked by a train of 3-ms depolarizing pulses to ϩ40 mV with either 25-or 10-ms interpulse interval between steps. These trains of impulses caused a progressive decay of peak current amplitudes that could be fitted with a single exponential function (Figs. 4 and 5) . At 40 Hz, the time constants of the cumulative inactivation of currents resulting from the coexpression of I177N or E325D with Kv1.4 cRNA (1:1 ratio) were ϳ2.6-fold and ϳ2-fold faster than WT, respectively. By contrast, for both V404I and V408A, these time constants were ϳ1.6-fold slower than WT (Fig. 5A) . At 100 Hz, the of cumulative inactivation for I177N or E325D channels was ϳ2.3-and ϳ1.7-fold faster than WT, respectively (Fig. 5B) . For both V404I and V408A channels, these values were ϳ1.1-fold slower than WT (Fig. 5B) . By contrast, the mutated dimers always showed cumulative inactivation slower than the control at both 40 and 100 Hz [Fig. 4 , F-J, and Fig. 5, C and D; (17) ]. Overall, these results suggest that I177N and E325D mutations, which display reduced surface expression, speed up N-type inactivation and increase the amount of current undergoing inactivation, whereas the S6 mutations V404I and V408A, which display normal surface expression, reduce the rate and amount of inactivation. On the other hand, the dimeric constructs possess normal surface expression and inactivation rates slower than WT (17) .
EA1 mutations affect the relative stoichiometry of heteromeric channels. On the basis of the results reported thus far, we hypothesized that EA1 subunits with reduced surface expression give rise to heterotetrameric Kv1.1-Kv1.4 channels with an increased number of Kv1.4 subunits. As a result, the channels on average contain more than two IDs and display inactivation rates faster than WT. Conversely, EA1 subunits with normal surface expression result in channels with normal stoichiometry but slower inactivation caused by a reduced affinity for the IDs. To test this hypothesis, we determined the relative stoichiometry for each channel complex expressed, by exploiting the different K i values for tetraethylammonium (TEA) block of homomeric Kv1.1 and Kv1.4 channels. Indeed, the tyrosine residue 379, located in the outer mouth of the Kv1.1 pore, endows the channel with high sensitivity to TEA [0.62 Ϯ 0.02 mM; n ϭ 10; (6, 21, 28, 37) ]. Sequence alignment showed that the human ortologue Kv1.4 possesses a lysine in that position and the affinity of this channel to TEA was greatly lower than Kv1.1 (599 Ϯ 30 mM; n ϭ 10). In oocytes, coexpressing TEA-insensitive (Kv1.4) and TEA-sensitive (Kv1.1) subunits, the dose response to TEA reflects the number of tyrosine-containing subunits within the channel (6, 21, 33, 37) . Therefore, by determining the TEA sensitivity of currents obtained by coexpressing equal amounts of Kv1.4 and Kv1.1WT or mutant mRNAs (1:1 ratio), we attempted to establish the relative contribution of each type of subunit to heterotetrameric channels. The data points for WT channels (Fig. 6) were fitted with a single binding isotherm, while the data points for mutated Kv1.1-Kv1.4 channels were fitted with a binomial equation for a tetrameric channel.
The individual K i values used in the binomial equation for heteromeric channels were determined as described previously and are given in Fig. 6 (21, 33, 37 ). The coinjection of equal Fig. 4 . Cumulative inactivation induced by a train of depolarizing pulses. A-J: representative current traces elicited by a train of pulses to ϩ40 mV for 3 ms delivered every 10 ms (100 Hz; holding potential: Ϫ80 mV) from oocytes expressing the indicated channels. Fig. 3 . Effects of EA1 mutations on the fraction of inactivating current. Bar graph shows average ratios of final to peak current (Ifinal/Ipeak) recorded from oocytes injected with the indicated mRNAs. The currents were evoked as described in Fig. 1 . Note that I177N and E325D mutations increased the current undergoing inactivation, while it was decreased by V404I, V408A, and the mutated dimers. Data are means Ϯ SE of 6 -44 cells. The statistically significant differences were determined by comparing each data set with the relevant control and by using unpaired Student's test. *P Ͻ 0.05; **P Ͻ 0.01. amounts of Kv1.4 and V404I or V408A mRNAs yielded TEA dose responses similar to control (Fig. 6A) , suggesting that heteromeric channels are formed from a nearly equal number of Kv1.4 and V404I or V408A subunits. Indeed, application of the binomial equation to these TEA dose responses showed that V404I or V408A subunits contributed ϳ0.40 each to channel formation. By contrast, the TEA dose response for oocytes coexpressing Kv1.4 and I177N or E325D was remarkably right-shifted compared with WT (Fig. 6A) . This suggests that, on average, the relative number of Kv1.4 subunits in the tetramer is increased. Application of the binomial equation to the TEA dose responses showed that the I177N and E325D subunits contributed 0.16 Ϯ 0.01 and 0.03 Ϯ 0.002, respectively, to the total number of subunits available for channel formation. Therefore these results are consistent with the possibility that fewer I177N or E325D subunits are available for coassembly with Kv1.4 subunits.
For coinjection experiments (1:1 ratio), a reduction in f (probability that any given position in a tetramer is occupied by a mutant subunit) below 0.5 implies a decrease in the total number of channels to 1/(2 Ϫ 2f) of control and, concurrently, a reduction in the current amplitude ratio (33)
Inserting in this equation the f values calculated from the binomial equation used to fit the TEA dose-response data (which describes the defects in events leading to channel assembly) for 1.4 ϩ I177N and 1.4 ϩ E325D coinjection, one gets values for the current ratios (I 1.4ϩI177N /I 1.4ϩ1.1 ϭ 0.59 Ϯ 0.01 and I 1.4ϩE325D /I 1.4ϩ1.1 ϭ 0.51 Ϯ 0.01), which nearly coincided with those obtained experimentally and calculated from Fig. 1 (I 1.4ϩI177N /I 1.4ϩ1.1 ϭ 0.59 Ϯ 0.09 and I 1.4ϩE325D / I 1.4ϩ1.1 ϭ 0.50 Ϯ 0.08). These results indicate that the remarkable current amplitude reductions caused by I177N and E325D coexpression with Kv1.4 can be accounted for, mostly, in terms of impaired subunit incorporation in the tetramer (channel assembly impairment). The current ratios calculated for V404I and V408A coinjection, using Eq. 1, were 0.77 Ϯ 0.02 and 0.81 Ϯ 0.02, respectively; the current ratios calculated from Fig. 1 were I 1.4ϩV404I /I 1.4ϩ1.1 ϭ 0.95 Ϯ 0.22 and I 1.4ϩV408A /I 1.4ϩ1.1 ϭ 1.1 Ϯ 0.2. Overall, these results highlight that the latter mutations do not impair channel assembly. Since these calculations, which are commonly used to explore the consequences of mutations in channel assembly, are potentially sensitive to intrinsic inaccuracy of the experimental approach, the data, although qualitatively valid, should not be judged in quantitative terms.
Three-dimensional homology modeling of wild-type and mutated Kv1.1 channels. We next determined whether the locations of the residues mutated in EA1-affected individuals were likely to be compatible with the effects reported. The X-ray crystal structures for the rat Kv1.2/2.1 chimeric channel (26) revealed that residues E323, V402, and V406 (corresponding to the homologous E325, V404, and V408 in Kv1.1) reside in the water-filled cavity below the selectivity filter. Interest- ingly, E323 is also located nearby the side portal entryways for the inactivating ball peptide (Supplemental Fig. S1 ; Supplemental Material for this article is available online at the Journal website). The high resolution of the Kv1.2/2.1 crystal structure combined with the high degree of sequence conservation between different family members enables three-dimensional (3-D) homology modeling studies to be performed. Using Kv1.2/2.1 structures as template, we generated a 3-D homology model of a Kv1.1 channel and performed EA1 mutations in silico by substituting the corresponding residue with the desired side-chain (Fig. 7) . This model confirmed that the missense variations V404I, V408A, and E325D are located within the ion-conducting pore and likely to interact closely with the IDs, whereas I177N is located in a region of the voltage-sensor whereby direct interactions with the IDs are highly unlikely (Fig. 7) .
DISCUSSION
Inactivation of ion channels is a process of great importance in the control of nerve cell excitability. The fast inactivation of voltage-gated K ϩ channels regulates the duration of action potentials and the firing frequency. Several mutations have been identified in EA1, a Shaker-like human disease, that reduce the rate of N-type inactivation (17, 29) . The results presented here indicate that surface expression of mutated Kv1.1 subunits influences the rate of inactivation. The S6 mutations, V404I and V408A, which had normal surface expression, reduced the rate of inactivation by a decreased affinity for the inactivation domain, while the mutations I177N in S1 and E325D in S5, which had reduced subunit surface expression, increased the rate of N-type inactivation due to a stoichiometric increase in the number of Kv1.4 subunits.
Studies from several investigators have provided detailed elucidation of the fast N-type inactivation mechanism by which the ID works its way through one of the four lateral side portals and reaches its final binding site by moving into the central cavity located below the selectivity filter (2, 3, 24, 25, 38) . The sixth membrane-spanning segment (S6) of Kv channels lines the pore on the intracellular side of the selectivity filter. Mutation (to alanine) of residues V558 and V562 in the S6 of rat Kv1.4 channel, a homolog of Shaker and Kv1.1 channels, had significant effects on inactivation (38) . Respectively, these residues correspond to V404 and V408 in the human Kv1.1 channel and to cavity-lining residues Thr107 or Ala111 in the KcsA and Val402 and Val406 in the Kv1.2/2.1 chimera (Fig. 7 and Supplemental Fig. S1 ). A double mutant cycle analysis predicted that peptide binding to the channel involves the residue Val3 in the ID ␤12 and V558 and V562 in the S6 of Kv1.4 channel (38) . In apparent agreement with these results, a docking model of the ShB peptide/KcsA channel complex has been proposed that foresees interactions involving Val4, Leu7, Tyr8, and Leu10 in the ShB peptide and Phe103 and Thr107 in KcsA (V404 in Kv1.1) (Fig. 7) (30) . In summary, this evidence strongly supports the conclusion that residues V404 and V408 in Kv1.1 channels play an important role in N-type inactivation by regulating the affinity of the ID for the channel. Such affinity is reduced when V404 is mutated to isoleucine or when the side chain is reduced by two methyl groups (V408A). The presence of an isoleucine in the porelining surface may alter the interactions taking place between the ID and this region of the channel. Indeed, isoleucine has a larger ethyl group attached to its C-␤ carbon which provides a greater bulkiness near to the protein backbone and would restrict the conformational flexibility of the backbone. Moreover, V404 is a highly conserved residue residing in the Pro-Val-Pro (PVP) motif at the base of S6 that acts as a helix-breaking sequence and induces a bend within S6. A recent study indicates that the nature of the central hydrophobic residue within the PXP motif of Kv1.1 affects channel gating by contributing to the relative 
where f equals the fraction of either WT Kv1. flexibility of the primary gate at the helix-bundle crossing and to electromechanical coupling mechanisms with the voltage-sensor domain (19) . Overall, these observations suggest that the presence of an isoleucine at this level reduces the affinity of the channel for the ID. The inactivation particle binds to its receptor domain when the channel is in the open state and it is expelled during transitions from the open-inactivated channel to the closed state (36) . Since the presence of an isoleucine at this position promotes stabilization of the closed state (19) , this could reduce the availability of the channel for IDs binding, thus decreasing the rate of inactivation. A similar mechanism may account for the effects of V408A on inactivation, as this mutation accelerates macroscopic deactivation rates, reduces the open probability, reduces the open duration, and stabilizes the closed state (6, 7, 17, 23, 29) . Since the V404I and V408A mutations do not affect subunit surface expression, the reduction of the affinity for the ID predominates, slowing down inactivation.
In Shaker channels, mutation of the highly conserved E395 (which corresponds to E325 in human Kv1.1) to aspartate or glutamine affected inactivation, reducing the fast component of macroscopic inactivation (4, 20) . The EA1 mutation E325D causes remarkable defects in the activation/deactivation and inactivation of either homomeric and heteromeric Kv1.1 channels, pointing out the importance of this residue in these gating mechanisms [present report; (1, 6, 7, 17, 20, 37) ]. When the charge of this residue is either neutralized or the side chain length is shortened by a CH 2 group, the affinity for the ID is reduced (17, 20, 29) . The functional effects reported here for E325D together with the 3-D modeling strongly suggest that this acidic residue, at the boundary of S5 and S4-S5 linker, forms part of the ball predocking site and affects directly the affinity of the channel for the ID (Fig. 7) . The E325D mutation may contribute to such affinity reduction also indirectly, by destabilizing the open state of the channel (6, 7, 17, 29) . Nevertheless, the marked subunit surface expression reduction caused by E325D predominates, giving rise to heterotetrameric Kv1.1-Kv1.4 channels with an increased number of Kv1.4 subunits. As a result, the channels on average contain more than two ID s and display inactivation rates faster than WT. However, once the impaired tetramerization was rescued with the tandem constructs, this mutated channel actually inactivates at least as slowly as the valine mutants. In this case the reduced affinity for the ID becomes again the rate limiting event. Similarly, the I177N mutation in S1 increases the rate of N-type inactivation by means of a stoichiometric increase in the number of Kv1.4 subunits, although this mutation may reduce the affinity for ID by destabilizing the open state (17) . Overall, these results indicate that any EA1 mutation affecting subunit surface expression alters the inactivation rates conferred by Kv1.4 subunits, regardless of their location either within the pore region or elsewhere in the channel. Surface expression is nearly unaffected when the mutated subunit is concatenated tandemly with the WT, as if the defects in mutant protein trafficking or assembly may be rescued by such procedure. Regardless of the exact mechanism involved in this phenomenon, it should be kept in mind that the results obtained by using dimeric constructs must be compared with those obtained by coexpressing wild-type and mutated subunits, which takes into account the trafficking properties of each type of ion channel subunit. Generally, this approach should be applied to any study on Only two subunits facing each other (including the pore, the voltage sensors, and the T1 domain) are shown for clarity. The specific residues Ile177, Glu325, Val404, and Val408 were changed into Asn (orange), Asp (red), Ile (green), and Ala (blue), respectively, and rendered as van der Waal's spheres. The locations of the side portal entryways for the inactivating ball peptide are highlighted as gray-shadowed areas. Note that all of the EA1 mutations studied involve cavity-lining residues except for I177N, which is located within the voltage sensor domain.
channelopathies in which defects in heteromeric channel function are expected.
That the vast majority of Kv1.1-containing channels in the mammalian central nervous system are heteromultimers containing coassembled Kv1.2 and Kv1.4 subunits and Kv␤1.1 and Kv␤2.1 subunits and, these Kv1 channels localize to axons and synaptic terminals, where they play a critical role in excitability and transmitter release (34) , is consistent with the hyperexcitability observed in EA1. In the hippocampus, for example, swellings of mossy fiber axons (mossy fiber boutons) form en passant synapses with CA3 pyramidal neurons. Geiger and Jonas (11) were able to make direct electrophysiological recordings from mossy fiber boutons, demonstrating that they possess a fast inactivating current that is likely mediated by Kv1.1 ϩ Kv1.4 heteromers. Here, trains of stimuli resulted in cumulative inactivation of the transient current, causing broadening of the action potential waveform and potentiating transmitter release. This activity-dependent broadening, which has been attributed to the rapid N-type inactivation and slow recovery of the Kv1.4-Kv1.1/Kv␤1 complexes, could contribute to induction of long-term potentiation (8) . Moreover, ablation of Kv␤1 in mice influences spike broadening, Ca 2ϩ influx during spike train, the activation of Ca 2ϩ -dependent K ϩ channels responsible for the slow afterhyperpolarization in the hippocampus, and impairs certain types of learning and memory (12) . The mechanisms reported in this study may contribute to signaling dysfunctions that will manifest with distinct consequences in multiple neural networks in which Kv1.1 channels contain Kv1.4 subunits. In conclusion, we show that the relative weight of either subunit surface expression or affinity of the channel for the inactivation domain affects in opposite ways the rate of N-type inactivation imposed by associated proteins, such as Kv1.4.
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